Rutkowska-Kucharska, A and Szpala, A. Electromyographic muscle activity in curl-up exercises with different positions of upper and lower extremities. J Strength Cond Res 24(11): 3133-3139, 2010-The purpose of the study was to evaluate the electromyographic (EMG) activity of muscles in curl-up exercises depending on the position of the upper and lower extremities. From the perspective of biomechanics, different positions of the extremities result in shifting the center of gravity and changing muscular loads in abdominal strength exercises. The subjects of the research were 3 healthy students (body mass 53-56 kg and height 163-165 cm) with no history of low back pain or abdominal surgery. Subjects completed 18 trials for each of the 9 exercises (static curl-up with 3 positions of the upper and 3 position of the lower extremities). The same experiment with the same subjects was conducted on the next day. The EMG activity of rectus abdominis (RA), erector spinae (ES), and quadriceps femoris-long head (rectus femoris [RF]) was examined during the exercises. The surface electrical activity was recorded for the right and left sides of each muscle. The raw data for each muscle were rectified and integrated. The statistical analysis showed that changing the position of upper extremities in the examined exercises affects the EMG activity of RA and ES but does not significantly affect the EMG activity of RF. Additionally, it was found that curl-up exercises with the upper extremities extended behind the head and the lower extremities flexed at 90°in the hip and knee joints involve RA with the greatest intensity, whereas curl-up exercises with the upper extremities extended along the trunk and the lower extremities flexed at 90°in the hip and knee joints involve RA with the lowest intensity.
INTRODUCTION
A bdominal muscle exercises are practiced in sports, physical education, physiotherapy, and fitness. One of the most important functions of abdominal muscles is to stabilize the spine. A powerful muscle corset around the spinal column increases the stability of the spinal column and prevents excessive loads. Proper proportions between the strength of abdominal and spinal muscles also guarantee proper body posture. What's more, in sports, stabilizing the spinal column enables more effective performance of basic movements.
For structural and functional reasons, muscles can be divided into 2 groups: stabilizers and movement muscles. The stabilizers can be categorized as primary and secondary stabilizers. Primary stabilizers are the muscles that do not produce significant movements in joints but only stabilize the joints. These include multifidus and transversus abdominis. Secondary stabilizers on the other hand (obliquus internus abdominis, central part of externus abdominis, quadratus lumborum) can have both the stabilizing and movement functions. Movement muscles that usually cause joint movements can, in extreme circumstances, become stabilizers (muscle spasm with incidence of pain); however, this does not involve a proper movement pattern. For this reason, they are called tertiary stabilizers (16) . In the case of abdominal muscles, the movement function (flexing the upper body) is performed by rectus abdominis (RA) and the lateral fibers of obliquus abdominis externus, whereas the stabilizing function is performed by the obliquus abdominis internus and transversus abdominis.
The analysis of the literature on the involvement of muscles in abdominal strength exercises leads to the conclusion that there are multiple hypotheses on how the exercises should be modified to obtain the desired effect for abdominal muscles (9, 11, 12) . Based on muscle activity, we can classify the strength exercises of abdominal muscles into isometric and isotonic exercises. The intensity of exercises can be altered by diversifying the action of muscles involved in the exercise. This can be achieved by altering the range of upper body flexing and the position of lower and upper extremities (7) . In this way, by altering the angles in the joints, we can change the muscle torque, and on the other hand, by altering the position of lower and upper extremities in relation to the upper body, we can change the external force that the abdominal muscles must counter (24) . Many authors investigate the changes in the loads on abdominal muscles and in the involvement of hip joint flexors in exercises with the lower extremities flexed or extended (2, 4) . Other research indicates differing involvement of abdominal muscles depending on the method and range of upper body flexing (4, 17, 19, 20) . Additionally, investigations into the application of various kinds of exercise machines are conducted, on the one hand, to limit the involvement of hip joint flexors (in particular the iliopsoas) in abdominal muscles exercises, and on the other hand, to increase the effectiveness of abdominal muscles exercises (20, 21) . Despite the results not being unequivocal, one can conclude that the exercises with the use of exercise machines are more beneficial to patients with back pain (3) .
Abdominal muscles exercises are a major element of various activities at fitness clubs, in particular in women's fitness. Compared to traditional exercise forms, abdominal muscles exercises are enriched with various combinations of positions and movements of upper extremities to make them more interesting. Changing the position of upper extremities in relation to the upper body, flexing or extending the elbow joints or the movement range in the humeral joint results in changing the external force that has to be countered by the torque of abdominal muscles and hip joint flexors. In abdominal exercises (performed without additional equipment), the load to be countered by the muscles is provided by an external force, depending on the position of the general center of gravity. Changing the position of the upper extremities, for example, from the position with arms crossed on the chest to the position with hands supported on the neck, increases the external torque, which must be countered by the torque of the abdominal muscles. One can expect that, with a fixed position of the lower extremities, changing the position of the upper extremities (changing the external torque as a result of shifting the subject's center of gravity) may significantly alter the loads on abdominal muscles, reflected in the changes of electrical activity.
Therefore, the purpose of our research is to evaluate the electromyographic (EMG) activity of selected muscles involved in abdominal strength exercises, depending on the basic positions of upper extremities that are applied in traditional abdominal exercises. Strength exercises of abdominal muscles play an important role in low back pain prevention programs. Particularly recommended for people taking up an active lifestyle and for elderly people are static abdominal exercises or exercises performed at a slow pace. Therefore, the purpose of the tests is to evaluate the changes of loads (by altering the position of the upper extremities) on abdominal muscles in the static version of the exercise.
Because the evaluation of abdominal muscle involvement in strength exercises based on their anatomical alignment is not sufficient, a combined surface and needle EMG method has been applied in research over the past decade (2, 16) . Surface EMG is also applied for evaluating the involvement of muscles in arm and shoulder girdle exercises (10), spinal (8) , or lower extremity exercises (5) .
METHODS

Experimental Approach to the Problem
The tests involved curl-up exercises. In the curl-up exercises, the spine is flexed by abdominal muscles whereas the contribution of the hip joint flexors is limited or nonexistent (13) . In addition, they are safe for the lumbar spine, as curlups involve no lumbar spine flexion, which implies the absence of compressive loads (occurring in sit-ups) (2) . As a result, such exercises can be done by patients with low back pain.
Subjects
Three women were recruited from among the University School of Physical Education students-all of them were fitness professionals. To ensure a maximum representational value of the obtained results, the subjects were selected so as to be of the same gender, similar age (22-23 years), of similar physical activity levels and similar body build (body mass 53-56 kg, height 163-165 cm).
The subject pool was quite homogeneous. All subjects were physically active, healthy, and never experienced disabling low back pain. Subjects were instructed about the exercises and performed each exercise properly before collecting data. The study was performed at the Biomechanical Analysis Laboratory of the Department of Biomechanics at the University School of Physical Education in Wroclaw (PN-EN ISO 9001:2001). The experiment protocol had been approved by the ethics board of the University School of Physical Education. Also, all subjects had been informed about the experimental risk, and they signed an informed consent document before the tests.
Description of Exercises
The analyzed curl-up exercises involved isometric action of abdominal muscles in a precisely defined position-lying down with shoulders raised above the ground and the lumbar part of the spine touching the ground. The angle between the trunk and the ground was 30°. Each exercise differed in the position of upper and lower extremities in relation to the upper body ( Figure 1 ). There were 3 positions of lower and upper extremities, which give a combination of 9 exercises. Based on the position of lower extremities in relation to the upper body, the exercises were divided into 3 groups. Group 1. The exercises in this group involved an isometric position lying supine, with the shoulder girdle raised above the ground and the lumbar part of the spine touching the ground, the lower extremities raised above the ground with the hip and knee joints at 90°. Group 2. While lying supine, the position of the head and upper body was as above; the feet were supported on the ground, the lower extremities flexed at 90°in the hip joint and at 90°in the knee joint.
Group 3. While lying supine, the position of the head and upper body was as in group 1, the hip joint and knee joint angle was at 180°, the lower extremities were supported on the ground.
For 3 combinations of the lower extremity positions, there were also 3 positions of the upper extremities (A, B, C):
Upper extremity position A: In exercises A-1, A-2, and A-3, the upper extremities rest alongside the upper body, parallel to the ground, extended in elbow joints. The palms of the hands are directed upward.
Upper extremity position B:
In exercises B-1, B-2, and B-3, the hands are supported with their palmar side on the neck. The upper extremities (abducted) are flexed in the elbow and humeral joints.
Upper extremity position C: In exercises C-1, C-2, and C-3, the upper extremities are raised, the shoulders are at head height, and elbow joints are extended. The palmar side of the hands is directed inward.
Data Collection
In the experiment, the electrical potential of muscles was recorded using bipolar electrodes with solid gel (Bio Lead-Lok, Jó zefó w, Poland). The set consisted of 6 pairs of active electrodes and one passive electrode. The active electrodes were placed on the muscle bellies alongside the muscle fibers. The electrical activity was recorded on the right and left sides of the body for the following muscles ( Figure 2 ): superior and inferior parts of the RA, ES, and RF. The distance between the electrode central points was 6.5 cm. The reference electrode was fitted to the surface of the skin in the electrical reference position (greater trochanter of femoral bone). The electrodes were fitted with disposable self-adhesive rings. The positioning of electrodes was based on the principles of optimal EMG signal reception specified in the literature (6) and on the basis of the muscular structure (1, 15) , taking into account the individual anatomical differences among the subjects. Another criterion for the choice of muscles was the ability to receive myopotentials isolated from signals from other muscles. This is why only surface muscles with large and easily identifiable shapes were selected.
The EMG data were collected with an 8-channel electromyograph Bortec ''Octopus'' (Bortec Electronics Inc., Calgary, Alberta, CA, USA). The amplifier bandwidth was from 10 to 1,000 Hz. The input impedance of the amplifier was 10 GV, and the common-mode rejection ratio was 115 dB. The EMG signals were sampled at 1,000 Hz by using an analog-to-digital converter based on a 16-bit analog-to-digital board. The EMG signals were collected simultaneously from all the electrodes to record the activity level of the selected muscles.
Procedures
Each subject was assigned 3 groups of abdominal muscles exercises in 3 different positions of the upper and lower extremities, which produces the total of 9 combinations (exercises A-1, B-1, C-1, A-2, B-2, C-2, A-3, B-3, and C-3) (Figure 1 ). The curl-up exercises were conducted in isometric positions. The duration of each isometric exercise was 5 seconds. The successive exercises were separated with 1-minute breaks, which enabled the muscles to relax. The sequence of exercises in each test was random, which meant a different combination of exercises for each subject. The tests were repeated by the same subjects, with a different sequence of exercises on the following day. As for all the 9 types of exercises, 6 trials were performed by 3 subjects (tested twice); thus, 18 EMG activity records were obtained for the statistical analysis for each exercise. ‡The lowest muscle EMG activity. §The highest muscle EMG activity
Signal Processing
The raw EMG signal was recorded using a PC computer and stored with the Bioware program. The collected data were exported to ''*.tbd'' format files, and then the ''Analizator'' software was used to perform the numerical analysis of analog signals received via ''BioWare.'' The ''Analizator'' software was used to determine the module of the electrical signals and the moving mean (with 3-second step). The moving mean value can be attributed to the low pass filter. Cutting off the moving mean value from the raw signal eliminated the lowfrequency component, which is the redundant noise in the frequency analysis.
Statistical Analyses
The output data from the ÔAnalizatorÕ program were transferred to the MS Excel spreadsheet, which was used to prepare the data for a statistical analysis. A repeatedmeasures analysis of variance (ANOVA/MANOVA) was used in the statistical analysis, and post hoc analyses were performed with the NIR test.
RESULTS
Electrical Activity of Abdominal Muscles Vs. the Position of Lower and Upper Extremities
Because the 2 pairs of electrodes were positioned symmetrically above the umbilicus, it was possible to compare the electrical activity of the right and left sides of RA in all the exercises. A higher activity of the right side of RA was not confirmed by statistically significant data (18) ; therefore, the average value of the right and left sides of the RA signal was analyzed. At a defined position of the lower extremities and the upper body, changing the position of the upper extremities results in a change of the center of balance of the upper body-upper extremity segment, and as a result a change occurs in the external force, which must be countered or overcome by abdominal muscles. Among the 3 analyzed positions of the upper extremities, the highest EMG activity of abdominal muscles was recorded when the upper extremities were extended and raised (C). The lowest EMG activity of the abdominal muscles was recorded when the upper extremities were extended and raised above the ground (A). Such EMG activity was recorded in each of the 3 exercise groups, differentiated by the position of the lower extremities (Table 1) .
When comparing the EMG activity in all the exercises (Table 2 ), one can conclude that the highest activity of the abdominal muscles occurs in the exercise involving raised upper extremities and the lower extremities raised and flexed in the hip and knee joints at 90° (C-1) .
The statistical analysis (ANOVA/MANOVA) showed that changing the position of upper extremities in isometric exercises (A, B, and C) has statistically significant effect on the change of electrical activity of RA. This fact is evidenced by the test value of F = 5.02 at df = 2 and p = 0.009. On the other hand, changing the position of lower extremities does not change the EMG activity of RA in any exercise in a statistically significant way (test F = 1.32 at df = 8 and p = 0.024).
Muscle Synergy in Abdominal Muscles Exercises
Rectus abdominis is the main flexor of the upper body whereas ES is the main extensor of the upper body. One can therefore presume that in isometric curl-up or sit-up exercises, both muscle groups will be characterized by a similar EMG activity. It turns out that in the exercise involving highest EMG activity of RA (C-1, arms extended upward, lower extremities raised upward, and flexed in knee and hip joints at 90°) the activity of ES is the lowest. Highest EMG activity of ES was recorded in exercise B-1 (hands supported on the neck, upper extremities raised upward, and flexed in knee and hip joints) ( Table 3) .
The statistical analysis (ANOVA/MANOVA) conducted for spinal muscles (Table 4) indicated that changing exercise initial positions (i.e., different positions of upper and lower extremities) has a statistically significant effect on the electrical activity of ES (test value F = 2.71 at df = 8 and p = 0.009).
The EMG activity of spinal muscles presents significant variation depending on the positions of both lower and upper extremities. Changing the position of upper extremities with a fixed position of lower extremities causes statistically significant change in the EMG activity of spinal muscles only for extreme positions of upper extremities (arms extended downward -arms extended upward). In the same positions of upper extremities, changing the position of lower extremities does not alter the activity of spinal muscles.
The analysis of RF activity was suggested by the fact that hip joint flexors also participate in abdominal muscles exercises, in particular, the lower sections of these muscles. For RF, one can indicate an exercise, or rather a group of exercises, of the highest EMG activity-these are the exercises with lower extremities raised upward and flexed in knee and hip joints at 90°.
Statistical analysis of the upper extremity position showed that changing the position of upper extremities in the examined exercises does not have significant effect on the electrical activity of RF. This means that a smaller (arms downward) or greater (arms upward) external force torque caused by the upper extremity position in the examined exercises does not change the activity of RF. On the other hand, each change of the lower extremity position (change of the muscle torque) has significant effect on the change in the electrical activity of RF (test F = 161.55 at df = 2 and p = 0.0001) ( Table 5 ).
DISCUSSION
The important role of abdominal muscles in the prevention of back pain is emphasized by many authors. Part of the research effort concentrates on searching for exercises that would be effective and safe for the spine (13, 22) . Other researchers tried to find a way for the abdominal and back muscles to coactivate to stabilize the spine and the whole body (23) .
The capacity for modifications of strength exercises of abdominal muscles is abundant. It is achieved by changing the range of upper body and lower extremity flexion in hip and knee joints, with or without support for legs, and different positions of both lower extremities. Additionally, strength exercises of abdominal muscles can be enriched (made more interesting) by symmetric or asymmetric movements of upper extremities. This is often applied in fitness exercises to music.
Isotonic exercises of the sit-up type with arms extended upward are often performed improperly, that is, by initiating them with the movement of upper extremities and not flexing of the upper body. One can presume that this is the reason why researchers, while analyzing the involvement of muscles in abdominal muscles exercises, tend to eliminate the movement of upper extremities by having them crossed on the chest (2) or supporting the hands on the neck (arms positioned with fingers touching the cheeks) (4). Therefore, our attempt to evaluate the involvement of muscles depending on the position of upper extremities was performed in isometric rather than isotonic exercises. The range of upper body flexing in isometric exercises was assumed based on the research by Andersson et al. (2) . With the examined ranges of isometric upper body flexing (10°, 20°, and 30°), it was observed that the 30°range in exercises with shoulders raised (curl-up) involves the abdominal muscles (both RA and obliquus) to the highest degree. Our statistical analysis of the upper extremity position showed that changing the position of upper extremities in the examined exercises has significant statistical effect on the activity of m. rectus abdominis and m. erector spinae. The position with ''arms extended upward'' involved abdominal muscles in the highest degree and the position ''hands on the neck'' involved the spinal muscles the most.
Another method to change the muscle loads in strength exercises is by combining the positions of lower extremities. Our research indicates that changing the position of lower extremities in the examined exercises does not have significant statistical effect on the change of electrical activity of RA and ES. A similar result was obtained in the research by Andersson et al. (2) . In isometric curl-up exercises with lower extremities extended or flexed in hip joints they did not observe a statistically significant difference in the abdominal muscle activity.
On the other hand, each change of the lower extremity position has a significant effect on the change in the electrical activity of RF. The highest activity of RF was observed in exercises with upper extremities raised upward (flexed in knee and hip joints). A similar result was obtained by Lipetz and Gutin (14) . Also, the research by Andersson et al. (2) indicates that during isometric exercises of abdominal muscles, the hip joint flexors were involved to a higher degree with the lower extremities flexed rather than extended.
PRACTICAL APPLICATIONS
Our research shows that modifying curl-up exercises by diversifying the positions of upper extremities has more important consequences than just making the abdominal exercises more interesting. As curl-up exercises are recommended in the prevention of low back pain, particularly for elderly people, the awareness among instructors of how changing the upper extremity position affects the abdominal muscle loads will enable them to better adjust the exercises to the different strengths of different individuals.
